Introduction {#sec1-1}
============

Cancer of the breast is one of the most devastating malignancies in women between the ages of 40 and 50 in the USA.\[[@ref1]\] A combination of lumpectomy and radiotherapy remains the most common option for women in stage I or stage II.\[[@ref2]--[@ref7]\] The standard technique is to treat the whole breast via tangential fields, up to a total dose of 45--50 Gy. In most cases, this treatment is followed by a 10--15 Gy electron boost to the tumor bed to reduce the likelihood of recurrence.\[[@ref8][@ref9]\] The tumor bed volume is estimated post-surgery from clinical and radiological information and is then used to determine the appropriate electron energy.

Accurate delineation of the target volume is essential when delivering external beam radiotherapy to the tumor bed. Electron boost plans are often set up with a margin of 2--3 cm, which, according to several reports,\[[@ref10][@ref11]\] results in some geographical misses and unintended outcomes. Different institutions use various techniques for target delineation, e.g. ultrasound (U/S), computed tomography (CT), surgical clips, and scars. U/S is mainly employed for cavity size and depth determination when radiation has not been significantly delayed after surgery.\[[@ref12]\] Combining the information from surgical clips with CT scans has also been shown to properly determine the tumor bed.

The main advantages of a CT scan are better visualization of the post-operative state and lower risk to normal breast tissues in as many as 50% of the cases.\[[@ref13]\] Its main difficulties are differentiating glandular breast tissues from surrounding anatomy and combining cavity images from different window settings. For these reasons, it is widely believed that U/S is a more accurate method of defining boost fields and prescribing an appropriate depth.

Unlike CT images, U/S can differentiate fluid-filled cavity (which is the lumpectomy cavity) from the surrounding tissue with high specificity because of excellent soft tissue imaging characteristics.\[[@ref14]\] This helps to identify the tumor bed volume more accurately and has an improved inter-observer consistency. Magnetic resonance imaging (MRI) combines better definition of the breast and surrounding tissues with accurate localization of the target volume and organs at risk, but is also expensive and impractical. It has been shown that relying on surgical scars as an alternate means of defining the electron beam trajectory may lead to a partial geographic miss of the lumpectomy cavity in more than 50% of the cases.\[[@ref10][@ref11]\]

Localization of lumpectomy cavity for boost irradiation can be accomplished using U/S, MRI, CT, surgical clips, other methods or a combination of techniques. Various reports indicated difficulties in contouring the boost volume in CT images because of poor seroma clarity from the surrounding tissue, specifically in patients with dense breast parenchyma.\[[@ref15]\] This results in high inter-observer variability. To ensure appropriate coverage and to limit normal tissue exposure during boost irradiation in patients, a 1.5 cm margin was added around the tumor to palliate at any geographical misses. It was also shown in previous studies that a margin of 1.5--2 cm to the tumor bed will cover all subclinical disease.\[[@ref16]\]

In this study, the CT scans were performed 3 days before the start of whole breast irradiation after post-op and post-chemo. U/S was performed 2 days before the completion of whole breast irradiation. Oh *et al*.\[[@ref10]\] showed that the volume of the lumpectomy cavity reduced significantly after whole breast radiation therapy (WBRT) and demonstrated a strong correlation between the presence of seroma and the reduced volume. Therefore, large volume reduction of the lumpectomy cavity may lead to excessive normal breast tissue irradiation, and may also have an impact on the accuracy of boost irradiation planning, leading to significant effects on dose homogeneity in the treatment volume.

The aim of this study is to analyze cavity depths and subsequent electron energies derived from U/S and retrospective CT measurements. The electron energy is determined by taking into consideration the minimum depth of organs at risk as well as the maximum cavity depth.

Materials and Methods {#sec1-2}
=====================

CT {#sec2-1}
--

Twenty-five patients having undergone radiotherapy for early-stage breast cancer after breast-conserving surgery were included in this study. A plan for electron boost treatment was computed for each patient from tomographic (CT) scans in the treatment position. Before the CT scans, skin marks were placed to locate the boost volume isocenter and enable patient repositioning during treatment. Radiopaque wires and markers were placed to locate palpable breasts scars and skin marks on the CT images.

All CT data were transferred to Eclipse (Varian Medical Systems Inc., Palo Alto, CA, USA), a 3D treatment planning system.

U/S {#sec2-2}
---

Two days before completion of the treatment, the same breast cancer patients underwent diagnostic U/S in the radiation treatment position. The localization and determination of depth of the lumpectomy cavity was performed by the X-ray tech on duty with the radiation oncologist on-site to finalize decisions as to the skin markings outlines the boost site. Under the guidance of the radiation oncologist, the tumor bed volume is identified more accurately thereby reducing inter-operator variability.. The dimensions of the cavity-based U/S included transverse (medial to lateral), longitudinal (superior--inferior) and depth (skin to posterior portion of the cavity) measurement. These examinations were performed with a standard U/S device (HDI 5000; Philips Andover, MA, USA) using a broadband curved array transducer working at 2--5 MHz and a broadband linear array working at 4--7 MHz. Imaging errors can be kept to a minimum by using the linear array for most measurements. However, the curved array provides better penetration depth. The site was marked on the skin before measurement. The target depth is defined as the deepest aspect of the cavity plus a 1.5 cm margin. Treatment fields were prescribed with a 1.5 cm margin on the cavity, and electron energy (E~1~) was chosen to cover the target depth.

A CT measurement of maximum cavity depth was obtained and electron energy boost was determined.. The electron energy is prescribed such that the 90% isodose surface meets the deepest edge of the cavity defined by CT. We derived tumor bed volumes using the treatment planning Eclispe tools and potential electron energies (E~2~) for the patients, whose cavities varied in shape and size. For an organ such as breast with deformable cavity, several challenges need to be overcome for a successful treatment. CT overestimates the true tumor bed volume compared with U/S images. Wong *et al*.\[[@ref17]\] reported that the average difference of the tumor bed volume between U/S and CT was 55% because the seroma or fluid cavity was well visualized in U/S but not as well visualized in CT. The isodose contour may not encompass the entire target, and its physiologic complexity (multiple edges and curvatures) make dose uniformity difficult to achieve. In some areas, the depth and dose varied considerably. All these problems affect the uniformity of electron beam energy. In addition, we determine the minimum depth of organs at risk depending on the location of the breast. For example, in soft tissue, the depths vary significantly with density; consequently, a uniform beam may underdose the tumor bed or overdose the underlying normal tissue. We therefore selected the beam energy (E~3~) within a range dependent on the depth of the organs at risk (R~oa~) and the cavity depth (R~cav~) in water:

2 × *R~oa~* ≤ *E*~3~ ≤ 3.3 × *R~cav~*      .....(1)

where R~oa~ and R~cav~ are in cm and E~3~ in Mev. The energy E3 is chosen among the closest energies (6,9,12,16, 20 Mev) from our linear accelerator (21 EX Varian Medical Systems Inc., Palo Alto, CA, USA) electron energiesThe advantages and disadvantage of various methods for breast delineation in electron boost therapy are summarized in [Table 1](#T1){ref-type="table"}.

###### 

Lumpectomy depth measurement methods employed in various institutions
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Statistical analysis {#sec2-3}
--------------------

Descriptive statistics were calculated for the various cavity depth measurements of all 25 patients. The differences observed between the U/S and the CT mean values and standard deviations were deemed significant using the paired *t*-test. A scatter plot of U/S and CT cavity depth measurements is shown in [Figure 1](#F1){ref-type="fig"}, and a regression line was fit to the data. Note that additional factors such as organs at risk and breast volume are associated with the cavity depth.

![Scatter plot of depth cavity from CT results against U/S for 25 patients. Pearson correlation was r=0.46 with *P*\<0.0002](JMP-37-138-g002){#F1}

The level of agreement between the two tests was assessed using two statistical methods. First, a concordance correlation coefficient (CC) was calculated as CC = Px C~b~, and defined as the product of an accuracy measure (in this case the bias correction factor, C~b~) and a precision measure (the Pearson correlation coefficient, P).

Second, we apply the Bland-Altman\[[@ref18]\] method of assessing agreement. This approach plots the mean of each data pair against its difference, and defines the 95% limits of agreement as the average difference plus or minus 1.96-times the standard deviation of the difference. All statistical calculations were performed using the statistical package Graphpad Prism (La Jolla, CA, USA). *P*-values less than 0.05 were considered statistically significant.

Results {#sec1-3}
=======

Various patient and tumor characteristics are shown in [Table 2](#T2){ref-type="table"}. The median age of the 25 patients was 58 years (range: 41--84 years). Eighteen of the patients were diagnosed with invasive ductal carcinoma, while seven had ductal carcinoma *in situ*. All patients had negative surgical margin. Most of the tumors were located in the outer quadrants, and most lesions (80%) were less than 2 cm in diameter. All 25 patients received a doxorubicin-based chemotherapy regimen before radiotherapy. Twelve underwent an additional hormone regimen (Tamoxifen) before radiotherapy.

###### 

Patient and tumor characteristics employed in this study
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[Table 3](#T3){ref-type="table"} shows the dosimetric parameters analyzed in this study. Depth cavity estimates from U/S and CT measurements \[[Figure 1](#F1){ref-type="fig"}\] correlated poorly (Pearson\'s correlation coefficient r = 0.46, 95% confidence interval \[CI\] 0.56--1.54, *P* \< 0.0002). The CT cavity depths were consistently larger than the U/S cavity depths \[[Table 3](#T3){ref-type="table"}\]. The mean cavity depth through U/S was 3.6 cm (median 3.2), and the mean CT depth was 4.9 cm (median 5.2). In addition, depending on the location of the breast, the mean estimated depth of organs at risk was 11.9 cm (median 10.5). On average, CT depths were 40% greater than U/S depths.

###### 

Dosimetric parameters calculated from this study
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The CC was 0.46 (95% CI: 0.22--0.65). This value is based on a correlation coefficient *P* of 0.68, consistent with moderate precision, and a C~b~ of 0.68. The latter shows that the best-fit line was not close to the line of perfect agreement. According to the Bland and Altman method \[[Figure 2](#F2){ref-type="fig"}\], the mean difference between the two tests was 1.3 cm (standard deviation: 1.5); therefore, the 95% limits of agreement are --1.5 and 4.2 cm. In [Figure 2](#F2){ref-type="fig"}, the solid line represents the mean difference and the dashed lines are offset by ±1.96 standard deviation from the mean.

![Difference between U/S and CT cavity depth measurements with horizontal lines showing the mean of limits of agreement](JMP-37-138-g005){#F2}

The tumor bed volume was correlated with the cavity depth in both U/S and CT measurements \[Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}\]. The CT depths exhibited somewhat stronger correlation (*P* = 0.46) than the U/S depths (*P* = 0.37). The depth of organs at risk (such as lung or heart), which depends on the location of the breast, is plotted against U/S and CT depths in Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}. Again, the CT depths exhibit stronger correlation (*P* = 0.73) than the U/S depths (*P* = 0.31), but, in this case, the difference is much more dramatic.

![Scatter plot of depth cavity from CT measurement versus OAR for 25 patients. The concordance correlation was estimated at *P* = 0.46](JMP-37-138-g006){#F3}
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Discussion {#sec1-4}
==========

Localization of a lumpectomy cavity for boost radiation can be accomplished using U/S, CT, surgical clips, other methods or a combination of techniques.

Determination of the cavity depth, however, is still not exact. This measurement is based on either U/S or CT. Depending on the location of the lumpectomy scar, boost radiation misses a portion of the cavity in 20--68% of the cases.\[[@ref19]\] Our study has confirmed that electron energies based on cavity depth are different under the U/S and CT measurements. Only 20% of the CT-based depth energies agreed with those determined by U/S.

Considering the increasing gap between surgery and radiotherapy planning and treatment, U/S may well underestimate the tumor bed and its margins.\[[@ref20][@ref21]\] In the majority of cancer centers, a single pre-treatment CT is used for both the initial breast irradiation and the boost, without regard for the biological modifications caused by surgery. Therefore, exact delineation of the target volume is essential for tumor bed electron boost therapy. An accurate determination of cavity depth is instrumental in ensuring adequate coverage of the tumor bed while sparing normal tissue.

In this study, after taking into account the minimum depth of organs at risk and maximum cavity depth, the fraction of patients for whom electron energies determined by U/S and CT are in agreement increases to 40%. A number of techniques for delivering boost irradiation have been described in the literature. Bartelink *et al*.,\[[@ref16]\] in the European Organization for Research and Treatment of Cancer (EORTC) trial, and Polgar *et al*.,\[[@ref22]\] in the Budapest trial, indicate that local failure rates in the whole breast may be due to differences in the method of tumor bed delineation, as the differences in dosimetry were not significant. In this study, U/S is the main avenue used to target the site for boost radiation. The use of U/S for cavity depth determination differences in the method is also advocated by some centers.\[[@ref23]\] U/S measurements are reproducible and can identify the surgical bed up to 6 months after lumpectomy. For these reasons, many centers consider U/S localization of lumpectomy cavity to be synonymous with accurate boost treatments, rather than relying on individual clinical judgments. CT cavity depth measurements, on the other hand, yield different results for the necessary electron energy. This may be due to the time delay; U/S measurements are typically made approximately two days prior to the completion of external beam therapy, when the wall of the lumpectomy cavity is likely to be more rigid.\[[@ref24]\]

Because therapeutic decisions are frequently based on the size and depth of the cavity, it is important that cavity length measurements be consistent. This criterion should apply to both repeated measurements and those made by different operators. No clinical limits of agreement were provided for this study; thus, our data may suffer from inter-operator and intra-operator variability. To partially address this problem, we calculated the bias between the two U/S and CT measurements using a Bland-Altman\[[@ref18]\] plot. The divergence between U/S and CT depths may also come from variations in the mode of U/S data acquisition: improper probe pressure, an untrained technician or a combination of factors can contribute to the 40% difference in cavity depths obtained by the two methods.

In one study, Helyer *et al*.\[[@ref25]\] reported that the electron energy derived from U/S depth cavity location has to be changed in approximately 60% of the patients when the data are compared with clinical localization. The same concerns were echoed by Birdwell *et al*.\[[@ref26]\] in a similar fashion. The accuracy of site size and depth estimates obtained by other methods has been also investigated in the literature. Macthay *et al*.\[[@ref27]\] reported on 316 cases where the cavity depth and location of the excision were based on surgical scars alone. They showed that inadequate coverage happens in 10--36% of the cases.

Furthermore, Oh *et al*.\[[@ref10]\] demonstrated that CT scans guided by the scar and obtained before the start of the boost do not guarantee success: 53.8% of the cases resulted in geographical misses. A similar observation was made by Regine *et al*.\[[@ref11]\] in a study of 17 patients using CT planning. Only 29% of the patients received adequate treatment; the rest experienced various geographical misses.

While traditional electron beams with cut-outs were used for boost irradiation in the present study, others have reported on the dosimetric results of more innovative methods. Vaidya *et al*.\[[@ref28]\] reported a local recurrence of 2.6% after 5 years when an intra-operative radiotherapy (IORT) boost was followed by external beam radiation therapy. Lemanski *et al*.\[[@ref29]\] also suggest that IORT be given as a boost after breast-conserving surgery, rather than conventional fractionated boost radiation. Reitsamer *et al*.\[[@ref30]\] showed that immediate IORT boost and WBRT yield excellent local control at 5 years. Furthermore, their approach was associated with a significantly lower rate of ipsilateral breast tumor recurrence compared with a similar cohort treated with WBRT and conventional boost. Luini *et al*.\[[@ref31]\] noted that IORT aids in breast conservation, as reducing the radiation field dramatically reduces the exposure of normal tissues. Furthermore, the patient\'s quality of life is better because the radiation course is much shorter: one session rather than 5--6 weeks.

There are conflicting reports on the performance of various imaging procedures for cavity depth and localization. Each method has advantages and disadvantages. Compared with U/S measurements, the CT images obtained in our study yield electron energies approximately 40% higher due to the changes in cavity characteristics and size associated with an increased interval between surgery and data collection, as well as the effects of radiation on soft tissues. Because the CT images are presumably poorer, U/S is commonly thought to be a more accurate method of defining boost fields and prescribing the appropriate depth. This study shows that U/S and CT provide different results. Therefore, the need of a third party such as surgical clips is paramount for better depth cavity determination. It is urgent for breast surgeons to place surgical clips in the walls of the lumpectomy cavity to allow CT and U/S to be used interchangeably and also as a combined technique.
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